The disease white mold caused by the fungus Sclerotinia sclerotiorum is a significant threat to 23 pea production and improved resistance to this disease is needed. Nodal resistance in plants is a 24 phenomenon where a fungal infection is prevented from passing through a node and the infection 25 89 regions, and the interpretation of a confidence interval relies on the size of linkage 90 disequilibrium (Bush & Moore, 2012). RNA-Seq and GWAS both have their advantages, but 91 combined they provide a powerful tool to discover not only active genes that express in response 92 Chang et al., 2018. under review 4 to treatments, but also genetic diversity and SNPs associated with the treatment. This combined 93 strategy has been applied to understand white mold resistance and yields in B. napus (Lu et al., 94 2017; Wei et al., 2016) but not in pea. Because genes that can be found by both GWAS and 95 RNA-Seq will have higher potential in contributing to white mold resistance, this study aimed to 96 understand and compare the genetics of lesion and nodal resistance by applying both GWAS and 97 RNA-Seq approaches in the pea-Sclerotinia sclerotiorum pathosystem. 98 99 2 | MATERIALS AND METHODS 100 101 2.1 | GWAS: data source and analysis 102 Data used for GWAS was published in Porter, Hoheisel, & Coffman (2009). Briefly, there were 103 282 pea lines with a mean lesion resistance rating. The white mold fungus (Sclerotinia 104 sclerotiorum) Scl02-05 isolated from pea in Quincy, Washington, USA in 2003 was used for 105 inoculations (Porter, Hoheisel, & Coffman, 2009). A mean lesion resistance rating was obtained 106 after 72 hpi in a humid greenhouse and day/night temperature ranges around 28°C /15°C. There 107 were 266 pea accessions with nodal resistance ratings. Nodal resistance was measured using an 108 ordinal scale from 0 to 5 after two weeks post inoculation, where 0 = dead plant; 1 = lesion 109 expanded down the stem from the fourth inoculated node to the first node; 2 = lesion expanded 110 from the fourth to the second node; 3 = lesion expanded from the fourth node to the third node; 4 111 = lesion did not expand beyond the initial inoculation point at the fourth node (Porter, Hoheisel, 112 & Coffman, 2009). There were four to eight replications to represent each accession. The USDA 113 Pea Single Plant Plus Collection with single nucleotide polymorphism (SNP) data included in 114 this study (Holdsworth et al., 2017). Association test was conducted in PLINK version 1.9 115 (Purcell et al., 2007). Population stratification was controlled using a pairwise identity-by-state 116 (IBS) clustering with a maximum clustering node of 2 and a p value cutoff of 0.05 for the 117 pairwise population concordance test. The IBS clustering matrix was included in a basic 118 association test, and a minor allele frequency (MAF) of 0.05 was applied. The empirical q value 119 at 0.01 from an adaptive permutation test with default parameters was used to determine 120 association significance. The GBS raw reads containing significant SNPs were searched against 121 the Trinity de novo transcriptome (assembled in the following sections) using BLASTN to 122 acquire annotations at an E value cutoff of 10 -5 . 123 Chang et al., 2018. under review 5 124 2.2 | Plant inoculations for RNA-Seq 125 A white mold-susceptible pea (Pisum sativum L.) cultivar 'Lifter' (PI 628276) and a white mold-126 partially resistant pea accession, PI 240515, were used in this study. The same Sclerotinia 127 sclerotiorum isolate (Scl02-05) used to generate the GWAS data was used for RNA-Seq 128 experiments. Seeds from 'Lifter' and PI 240515 were planted at a depth of 1 cm in pasteurized 129 soil in a plastic pot (approximately 170 cm 3 ). The soil consisted of a mixture of 85 L of Special 130 Blend Soil Mix (Sun Gro Horticulture, Bellevue, WA), 113 L of propagation-grade coarse perlite 131 (Supreme Perlite Company, Portland, OR), and 900 g of Scotts Osmocote Classic 14-14-14 (The 132 Scotts Company, Marysville, Ohio). Plants were grown in a growth chamber at 23°C/20°C 133 (day/night), with a photoperiod of 14 h and 170 µmol quanta (s -1 m -2 ) for two weeks. One day 134 before Sclerotinia sclerotiorum inoculations, pea plants were covered with a thick transparent 135 plastic cover, which filtered the amount of light reaching the plants down to 45-55 µmol quanta 136 (s -1 m -2 ), and maintained a high humidity (RH %; 86.91 ± 13.45; WatchDog 1000 Series, 137 Spectrum Technologies Inc., Aurora, IL). Pea plants were inoculated at the fourth node leaf axil 138 with a 49 mm 3 S. sclerotiorum colonized agar plug from the leading edge of a culture grown on 139 potato dextrose agar (PDA; BD Company, Sparks, MD). Mock inoculations were performed 140 with sterile PDA plugs. 141 142 403 suggested diverse mechanisms were involved in lesion resistance to limit S. sclerotiorum 404 expansion. 405 406 4.3 | Nodal resistance 407
| RNA extraction and sequencing 143
The RNA-Seq experiment had a time series factorial design with two varieties ('Lifter' and PI 144 240515), two treatments (mock and S. sclerotiorum inoculation), and three time points at 12, 24 145 and 48 hours post inoculation (hpi). For each condition, two biological replicates of pea samples 146 were collected. In order to acquire RNA samples that provide both expression data for lesion and 147 nodal resistance, tissues within 2 cm of the inoculated fourth node were collected from at least 148 12 plants for each biological replicate. These tissues were immediately frozen in liquid nitrogen. 149 Total RNA was isolated using Trizol® reagent (Invitrogen, CA) according to manufacturer's 150 instructions. DNase digestion (Promega, WI) was performed on the RNA extract to remove 151 potential DNA contamination. RNA samples were further purified using the RNeasy Plant Mini 152 Kit (Qiagen, Valencia, CA) and quality verified using a 2100 Bioanalyzer RNA Nanochip 153 (Agilent, Santa Clara, CA). Samples achieved a RNA integrity number (RIN) value above 7.5 and were quantified using the Qubit ® 2.0 Fluorometer (Invitrogen, Carlsbad, CA) and a total of 155 10 µg RNA was used for cDNA library preparations following the Illumina TruSeq RNA 156 Preparation Kit manufacturer's instructions (Illumina, San Diego, CA 161 Illumina raw reads were quality checked using FastQC version 0.11.5 (Andrews, 2010) and 162 quality controlled using FASTX-toolkit version 0.0.14 (Gordon, 2014) . Reads with 90 percent 163 length above Phred score 30 were kept for analyses. Trimmomatic version 0.33 was used to 164 remove adapters and to separate paired reads and single reads (Bolger, Lohse & Usadel, 2014) , 165 and only paired reads were used for de novo assembly. All samples were pooled and aligned to 166 the complete nearly gapless S. sclerotiorum genome sequence (Derbyshire et al., 2017) using the 167 sensitive mode of Bowtie2 version 2.2.6 and Tophat2 version 2.1.0 (Kim et al., 2013) . Reads 168 unmapped to S. sclerotiorum genome were de novo assembled by Trinity version 2.4.0 using K-169 mer size 25, 29, and 32 (Grabherr et al., 2011; Haas et al., 2013) . 
| Phenotype data for lesion and nodal resistance 194
There were 282 and 266 pea germplasm lines screened for lesion and nodal resistance, 195 respectively. While the lesion resistance distribution approximated a normal distribution (Fig. 196 1a), the nodal resistance distribution was highly skewed toward zero with only 12 germplasm 197 lines rated with a score above 3 (Fig. 1b ). The lesion resistance and nodal resistance have a 198 significant negative correlation (Pearson's correlation coefficient: -0.19, p < 0.05) due to the 199 inverse scales, meaning higher value of lesion resistance and lower value of nodal resistance 200 represented the susceptibility. The mild correlation indicated the possibility of different genetic 201 mechanisms of these two types of resistances (Fig. 1c ). The white mold susceptible line 'Lifter' 202 and the white mold partially resistant line PI 240515 were selected for RNA-Seq. PI 240515 203 displays not only a slower disease progress compared to the susceptible 'Lifter' under growth 204 chamber conditions ( Fig. 1d ), but also a better resistance performance in field trials (McPhee & 205 Muehlbauer. 2002; Zhuang et al., 2013) . A time course RNA-Seq experiment was set up in a 206 factorial design, and a total of 12 samples with about 700 million reads were acquired from 207 Illumina sequencing (Table S1 ). ). There were 206 and 118 SNPs found to be significantly associated with lesion and nodal 212 resistance, respectively (Table S2 and S3, respectively). Without a standard genome for pea, the 213 position and chromosome information for SNPs were deficient and it also made the annotation to 214 these SNPs difficult. In order to understand the annotations of these significant SNPs, the transcripts including isoforms, resulted in the highest assembly quality (Table 1 ) similar to a 225 previous de novo transcriptome of pea (Kerr et al., 2017) , and the re-mapped rate at 80% was 226 satisfactory based on an empirical threshold of Trinity (Grabherr et al., 2011; Haas et al., 2013) .
227
Accordingly, the k-mer 29 de novo transcriptome was selected and a total of 60,598 transcripts 228 were extracted from the longest representative isoform per gene model in the k-mer 29 de novo 229 transcriptome ( Table 1) . 
| Annotation of candidate resistance genes using GWAS and RNA-Seq

232
There were 206 significant SNPs associated with lesion resistance, but only 96 SNPs were 233 matched to de novo transcripts. Among these 96 de novo transcripts, 66 of them could be 234 annotated with an orthologous soybean gene ( Table 2, Table S2 ). In terms of nodal resistance, 235 there were 118 significant associated SNPs, and 61 SNPs could be matched to de novo 236 transcripts. Among these 61 de novo transcripts, 33 of them could be annotated with an 237 orthologous soybean gene ( Table 3, Table S3 ). In comparing the GWAS for lesion and nodal 238 resistance, only one SNP (TP13557) can be found in both cases, and the de novo transcript enriched for oxidation reduction in the biological process (GO0055114, FDR: 7.99 x 10 -9 ) and 272 oxidoreductase activity in the molecular function (GO0016491, FDR: 3.36 x 10 -11 ). These results 273 indicated that many transcripts highly induced in cluster IV after S. sclerotiorum inoculation 274 were related to redox maintenance ( Fig. 4a ). Other than transcripts with potential redox 275 balancing functions, significant enrichment for transcripts with cofactor-, vitamin-, heme-, or 276 iron-binding functions were also found ( Fig. 4b ). Because it has been suggested that oxalic acid 277 stimulates iron release and soybeans were shown to express higher ferritin for capturing iron and maintaining iron homeostasis during infection (Calla et al. 2014) , the enrichment results of these 279 element-binding transcripts in pea may indicate the homeostasis struggle during infection.
280
Although most transcripts in cluster IV had higher expression after S. sclerotiorum inoculation, 281 only a few transcripts displayed significantly higher expression in PI240515 than 'Lifter', and 282 together with the results from GO analysis, the possibilities that transcripts in the cluster IV are 283 genes involved in common responses to pathogen infection could not be excluded. TRINITY_DN18054_c0_g1_i1 were higher in PI 240515 than 'Lifter' after S. sclerotiorum 308 inoculation, but their expressions were down-regulated after S. sclerotiorum inoculation compared to mock samples (Fig. 6b,c) . On the other hand, the expression of 310 TRINITY_DN4777_c0_g1_i1 was generally higher in 'Lifter' than PI 240515, and S. 311 sclerotiorum inoculation caused up-regulation more in 'Lifter' than PI 240525 ( Fig. 6d ) and the 312 expression of TRINITY_DN21848_c0_g1_i1 was higher in mock samples than in S. 313 sclerotiorum inoculated samples (Fig. 6e) . genes, however, most transcripts were down-regulated after S. sclerotiorum inoculation (Fig. 3) , 318 and only a few transcripts had significantly higher expression in PI 240515 than 'Lifter' (Fig. 7,   319 8). The transcript (TRINITY_DN7903_c0_g1_i2) found for both lesion and nodal resistance, 320 which encodes a putative GST, had differential expression after S. sclerotiorum inoculation ( Fig.   321 7a). There were two LRR-containing DE transcripts (TRINITY_DN11274_c0_g2_i1 and 322 TRINITY_DN21987_c1_g2_i1) that significantly associated with lesion resistance ( (TRINITY_DN16214_c1_g2_i1) that were significantly associated with nodal resistance (Fig.   333 8a-e). Among these transcripts, a putative coiled-coil nucleotide-binding site leucine rich repeat 334 (CC-NBS-LRR) protein appeared to be the most interesting as a lesion resistance candidate 335 because its expression was up-regulated in PI 240515 but down-regulated in 'Lifter' after 12 hpi 336 ( Fig. 7b ). As for nodal resistance, only the putative cytochrome b-561 had higher expression in 337 PI 240515 than 'Lifter', and other transcripts mostly had higher DE in 'Lifter' than PI 240515 338 (Fig. 8e) . and an LRR-RLK protein (Fig. 7b,c containing transcripts were not discovered in GWAS for nodal resistance, which indicated the 392 possibility that the lesion resistance relies on LRR-containing proteins more than nodal 393 resistance. Other than the LRR type of tandem repeats, several ARM repeat-containing proteins 394 were found for lesion resistance by GWAS ( Table 2, Table S2 ). It has been shown that an ARM-395 containing ligase in rice negatively controls resistance (Li et al., 2012; Sharma & Pandey, 2015) , 396 indicating higher expression in 'Lifter' might favor S. sclerotiorum infection (Fig. 7d) . While 397 plant cell wall synthesis enzymes such as cellulose synthase were identified, only a putative 398 UDP-arabinopyranose mutase was up-regulated after S. sclerotiorum inoculation (Fig. 7f ).
399
Similarly, two pleiotropic drug resistance ABC transporters were found (Table 2) but only one 400 displayed up-regulation after S. sclerotiorum inoculation (Fig. 7g) . It has been shown that a 401 pleiotropic drug resistance ABC transporter is involved in resistance to Botrytis cinerea, a closely-related fungal species to S. sclerotiorum (Stukkens et al., 2005) 
FIGURE S3
Gene Ontology (GO) using singular enrichment analysis for transcripts in the cluster III. Only some GO terms in the cellular component category were significant.
